Abstract. In order to reduce backgrounds from radon-daughter plate-out onto detector surfaces, an ultra-low-radon cleanroom is being commissioned at the South Dakota School of Mines and Technology. An improved vacuum-swingadsorption radon mitigation system and cleanroom build upon a previous design implemented at Syracuse University that achieved radon levels of ∼0.2 Bq m −3 . This improved system will employ a better pump and larger carbon beds feeding a redesigned cleanroom with an internal HVAC unit and aged water for humidification. With the rebuilt (original) radon mitigation system, the new low-radon cleanroom has already achieved a > 300× reduction from an input activity of 58.6 ± 0.7 Bq m −3 to a cleanroom activity of 0.13 ± 0.06 Bq m −3 .
INTRODUCTION TO RADON MITIGATION
A potential source of dominant backgrounds for many rare-event searches or screening detectors is from radon daughter plate-out [1] . Backgrounds from 210 Pb and the recoiling 206 Pb nucleus from the α decay of 210 Po are the dominant low-energy backgrounds for XMASS [2] , SuperCDMS Soudan [3] and EDELWEISS [4] , and are expected to be dominant for SuperCDMS SNOLAB and the BetaCage screener [5, 6] without improvements. Radon daughters on surfaces may dominate for SuperNEMO [7] and CUORE [8] . Both neutrons from (α, n) reactions and 206 Pb recoils are important for LZ [9] , XENON1T, and DArKSIDE. Storing and assembling detector components may be possible using vacuum glove boxes or by cleaning components upon commissioning (e.g. [10] ). However, when the components are large or require delicate assembly, a vacuum glove box can be impractical. Cleaning can also be impractical when the components are delicate or have complex geometries.
To create a radon-mitigated, breathable-air environment one may consider two system classes: continuous flow through a filtration column and swing flow through two or more filtration columns. The filtration columns are usually filled with activated carbon. The continuous flow system (e.g. [11] ) operates on the basis that some considerable fraction of radon decays before exiting the column. For an ideal column, the final radon concentration C final = C initial exp (−t/t Rn ), where C initial is the radon concentration of the input air, t is the characteristic break-through time of the filter, and t Rn = 5.38 days is the mean lifetime of radon. To increase the break-through time, and therefore make a continuous flow system practical, one must cool the carbon to reduce desorption of radon. Continuous flow systems are relatively simple and robust, are commercially available, and typically achieve reduction factors of ∼1000×, to ∼10-30 mBq m −3 . In a swing flow system, two or more filtration columns are used. While filtering through one column the other is regenerated using either low pressure or high temperatures to allow radon to desorb efficiently and be exhausted. For a vacuum-swing-adsorption (VSA) system (e.g. [12, 13, 14] ), high-radon input air is filtered through the first column while the second column is pumped down to ∼1 Torr. Well before the break-through time, the path of the high-radon input air is switched so that it flows through the second column instead, allowing the first to regenerate. For an ideal column, no radon reaches the output. Swing flow systems are more complicated both in operation and analysis. A VSA system (e.g. The radon in the air adsorbs preferentially to the carbon (compared to N2 or O2). The radon slowly migrates through the column, adsorbing and desorbing, while low-radon air flows to the cleanroom. A small amount of this low-radon air flows back into the other carbon column, while it is pumped to a few Torr, helping radon to desorb from the carbon and be exhausted. Before any radon breaks through the left column, the system swings and the cycle repeats.
outperform a continuous flow system at a lower cost. Temperature-swing systems (e.g. [15] ) should provide best performance but at the highest cost and complexity. We use the VSA technique because of its lower cost and potential for excellent radon reduction.
THE SDSM&T RADON-MITIGATION SYSTEM AND CLEANROOM
The system built at the South Dakota School of Mines & Technology (SDSM&T) consists of two parts: a VSA radon filter and a low-radon cleanroom. Figure 1 shows the VSA rebuilt as it was at Syracuse University [14] (based on the design in [12, 13] ) with a few modifications due to the geometry of its new living space. The system has a blower that takes in air from either outdoors or inside the lab at a 100 cfm capacity. The input air is dried with a dehumidifier and passes through chillers to maintain air temperature. Each column is filled with 125 kg activated carbon. With the use of a booster to accelerate pumping speed at low pressure, a column being purged is evacuated to <2.5 Torr in 7 min. High-radon air is filtered through one column for 40 min while the other column is regenerated, giving a full swing-cycle period of 80 min.
The low-radon cleanroom is an evolution of the Syracuse University cleanroom design. The cleanroom was built with materials having sufficiently low emanation and permeation of radon. The area of the cleanroom is 21 × 9.25 ft 2 with an additional 5 × 9.25 ft 2 of internal anteroom space and a ceiling height of 8 ft. Recent measurements indicate that the cleanroom is class 100 when empty.
The cleanroom was constructed primarily of aluminum. All seams were sealed with butyl rubber and aluminum tape making the cleanroom very leak-tight and easily over-pressured. Although the VSA system can provide low-radon air at 100 cfm, the cleanroom can be over-pressured effectively (to ∼0.25 inches of water) with only 15 cfm of make-up air. The windows are made of ≥ 1/8 inch polycarbonate, contributing ≤ 8 mBq m −3 of 222 Rn activity to the cleanroom. If diffusion through the windows becomes the dominant source of radon (following the upgrades described below), they will be covered with metal and/or thickened. Low-radon air is delivered to the cleanroom from the VSA system via galvanized-steel, 22-gauge spiral ducting.
A notable feature of this cleanroom is the internal placement of the HVAC. During operation, the HVAC circulates low-radon air through HEPA filters and then back into the cleanroom at ∼1000 cfm. A negative pressure region forms behind the blower inside the HVAC. Placing the HVAC outside the cleanroom presents the difficulty of sealing it sufficiently to prevent high-radon air from leaking into the circulation path. Leaks , from diffusion (green +'s), and from emanation (purple dots) to the total radon activity in the water aging tank (black solid). Radon emanation is negligible compared to radon diffusion, which limits this system for aging times longer than about 40 days. The corresponding contribution to the radon activity in the cleanroom (red circles) is diluted by over 5 orders of magnitude.
of radon into the HVAC limited the system at Syracuse. Situating the HVAC inside the cleanroom mitigates this issue.
The VSA system and cleanroom, commissioned at SDSM&T, recently achieved a radon reduction of > 300× to 0.13 ± 0.06 Bq m −3 , as shown in Fig. 2a . About 100 cfm of air was drawn from the lab and conditioned to a temperature of ∼16 C and dew point of −17 C. A fraction of this air was used as input to the VSA system, resulting in 20 cfm of low-radon make-air for the cleanroom. This result is consistent with the performance of the system while at Syracuse but has the added benefit (because the input air has higher activity than at Syracuse) of demonstrating the greater activity reduction of which this system is capable. The SDSM&T system indicates that the VSA technique is a viable low-cost alternative to continuous flow systems.
Low-Radon Humidification System and Other Planned Upgrades
The VSA radon mitigation system tends to reduce relative humidity of the cleanroom air to ∼5%. Using water for humidification without reducing its activity would introduce radon into the cleanroom. To reduce water activity, we will age the water until a sufficient fraction of radon has decayed away.
The water to be used is expected to have an activity of ∼1000 Bq m −3 . If no aging is done and the water is used for increasing the relative humidity in the cleanroom, the activity contribution to the cleanroom would be ∼6 mBq m −3 because the vapor density of water at 35% relative humidity is ∼6 × 10 −6 g cm −3 . As shown in Fig. 2b , after aging, the activity will be reduced by 100× and will contribute only 100's of µBq m −3 . The low-radon humidification system consists of two large (110 gal) tanks made of low-density polyethylene (LDPE). Water from a local reverse osmosis system fills the first tank. The water is aged until its activity is sufficiently low (about 10 Bq m −3 ) and then transferred to the second tank. Upon transferring, the first tank is again filled and the aging process repeats. The second tank supplies low-radon water to the cleanroom humidification system at a rate of about 3 gal day −1 . The system is designed such that the aged water in the second tank lasts longer than the aging time. In addition, an in-line filter will prevent any particulates from entering the cleanroom.
Sufficient aging time is determined by the intrinsic activity of the water, with consideration of radon emanation from the LDPE tank, and radon diffusion through the tank walls, as shown in Fig. 2b . Aging for 35 days is sufficient to contribute only 100's of µBq m −3 to the cleanroom. Further aging makes little difference as the total activity asymptotically approaches the contribution from diffusion, which limits this system. If a lower activity is needed in the future, switching to metal tanks would reduce the contribution from humidification to the order of 10 nBq m −3 , because LDPE has a diffusion coefficient on order of 10 −11 m 2 s −1 while metal is ∼10 −15 m 2 s −1 [16] . Other radon-mitigation upgrades that have yet to be installed are taller carbon columns (providing an additional 175 kg activated carbon each) and a more powerful roughing pump, which should allow easier maintenance as well as providing a small improvement in performance. In principle, the increased height of the carbon columns should provide additional reduction in radon concentration of another factor ∼100-1000×, potentially providing world-leading radon reduction at a modest cost.
